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Abstract 9 
In 2011, the Australian government proposed the Murray-Darling Basin Plan to promote a 10 
healthy working river system. The Plan seeks to limit surface water (consumptive) use to 11 
10873 GL/year on a long-term average. The controversy prompted by this proposed reduction 12 
in extractive allocations has underscored the need for transparent and objective modelling of 13 
ecological benefits. In this paper, we investigate the likely ecological outcomes of the 14 
proposed Plan for the Macquarie Marshes, a Ramsar-listed wetland in the Murray-Darling 15 
Basin, using a decision support system (DSS). The DSS uses a detailed wetland hydrological 16 
model to drive ecological responses for a range of important species. Our hydrological 17 
modelling results indicate that the draft Plan would increase inundation extent significantly 18 
with a 33% increase for the median when compared with the current Water Sharing Plan. The 19 
increase in inundation extent would improve the hydrologic condition in most wetlands. Our 20 
ecological modelling results show that the improved hydrology would enhance the wetland 21 
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quality for a range of vegetation and waterbird species, though benefits are not distributed 22 
evenly across the wetlands. For a number of species, some wetlands within the Marshes have 23 
habitat quality scores matching the predevelopment scenario, and benefits of additional 24 
environmental water allocation were noticeable when modelled for a prolonged drought 25 
period.  26 
Key Teams riparian ecology, environmental impacts, wetlands, streamflow, water policy, 27 
decision support systems, planning, water allocation28 
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Introduction 29 
With the widespread conflicts stemming from the perceived needs of ecosystems versus 30 
humans for freshwater (Poff et al,. 2003; Kingsford et al., 2009), there is an urgent need to 31 
find sustainable and integrated ways to manage the increasingly scarce water resources to 32 
meet rising demand and growing environmental concerns ( European Commission, 2007; 33 
NWC, 2007). In Australia, there is passionate debate regarding the balance between water 34 
resources for ecosystems and human well-being. This debate largely takes place over the 35 
continent’s largest river system, the Murray-Darling Basin (MDB), where up to 56% of the 36 
average available water was diverted for human uses (CSIRO 2008). Without a reliable 37 
policy and planning mechanism to ensure the transfer of water access rights from prior 38 
holders (i.e. irrigators) to new users (i.e. environment), MDB’s continued economic 39 
development and its ecosystems could be threatened. In recognising the urgency, numerous 40 
water resource policies have been implemented since the signing of the 1992 Murray-Darling 41 
Basin Agreement and the 1994 Council of Australian Governments (COAG) Water Reform, 42 
which have involved a total investment of AU$25,310 million (Lee and Ancew, 2009).  43 
In November 2011, the Basin Authority (MDBA) released a draft Basin Plan, which 44 
represented a significant step forward in the ongoing journey of sustainable management of 45 
rivers within the basin (MDBA, 2011). The Plan proposed that surface water use in the Basin 46 
was limited to 10873 gigalitres per year (GL/y) on a long-term average (referred as 47 
Sustainable Diversion Limits or SDL). This represents a reduction in water use of 2750 GL/y 48 
compared to 2009 WSP diversions (MDBA, 2011). The Proposed Plan has provoked 49 
criticisms from both agricultural and environmental sections. For example, the Murray 50 
Irrigation Group stated that: “our community cannot accept any further reduction of water for 51 
consumptive use except via efficiency gains” (cited from 52 
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http://www.murrayirrigation.com.au), while the Wentworth Group of Concerned Scientists 53 
claims at least 4000 GL/y must be returned to the environment (http://sl.farmonline.com.au). 54 
This renewed debate challenges river scientists to clearly define ecosystem needs to inform 55 
policy formulation and management actions that strive to balance competing demands 56 
(Arthington et al., 2006; Poff and Zimmerman, 2010). Equally important but relatively less 57 
emphasised is developing consistent frameworks and models to predict and compare the 58 
ecological, social and economical outcomes of alternative water resource policies and 59 
management actions (Baker and Landers, 2004; Dole and Nieml, 2004; Marsh and Cuddy, 60 
2011). 61 
In the past three decades, there have been major advances in the theoretical understanding of 62 
how rivers and the associated floodplains function (cf. the river continuum concept (Vannote 63 
et al., 1980); the flood pulse concept (Junk et al., 1989). However, fundamental problems, 64 
such as uncertain knowledge, lack of long-term monitoring data, and the subsequent limited 65 
predictive capability, continue to beset the role of science in river environment management. 66 
For example, in the Basin Plan case, a major criticism is that the proposed SDL lacks a solid 67 
scientific foundation (Young et al. 2011). This uncertainty arises both from irreducible 68 
ecosystem complexity and from the limited transferability of general ecological 69 
understanding to site-specific situations (Poff et al., 2003).   70 
Ecological response modelling has a long history in natural resource management (Biswas, 71 
1975; Fabbri, 1998; Desgranges et al., 2006; Wen et al. 2009). The sensitivity analysis of the 72 
ecological response models provides a useful method to reduce the uncertainty and improve 73 
prediction (Cariboni et al., 2007; Makler-Pick, et al., 2011). On the other hand, hydrological 74 
modelling is the cornerstone of contemporary water resource management (European 75 
Commission, 2007). Bringing hydrological and ecological response modelling together 76 
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provides a powerful opportunity for adaptive water resource management. The linking of 77 
hydrology models and ecology response models has been used in several studies to provide 78 
the capacity to predict the impacts of water management plans and compare the outcomes of 79 
alternative policies (e.g. Toner and Keddy 1997; Heinz et al., 2007; De-Kok et al., 2009). 80 
However, these models have in general been applied to riparian and in-stream ecological 81 
attributes, with hydrological requirements clearly represented by one-dimensional system 82 
models. The task of representing complex wetland systems occupying anastomosing river 83 
channels and other floodplain environments has remained an elusive challenge, given the 84 
requirement for two-dimensional hydrodynamic modelling of overbank flows.   85 
In this paper we describe the application of a Decision Support System (DSS) developed to 86 
couple hydrological and ecological modelling in one of the most important and 87 
hydrologically complex wetland mosaics within the MDB, the Macquarie Marshes. The 88 
Macquarie Marshes DSS (termed “IBIS”) is one of several built for a number of key 89 
floodplain wetland systems in the MDB (DECCW, 2011), where detailed wetland 90 
representation was integrated into the river system model (Wen et al., accepted). In this study, 91 
we demonstrated the utility of the DSS in predicting the ecological outcomes of the proposed 92 
Basin Plan, and evaluate the proposed Basin Plan by comparing with the current and pre-93 
development scenarios.94 
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Methods 95 
Study site – the Macquarie Marshes 96 
The Macquarie Marshes (hereafter referred to as the Marshes) are located in the north west of 97 
New South Wales (NSW) (Fig.1). The Marshes are an extensive wetland system covering an 98 
area of 220 000 hectares, representing one of the largest semi-permanent wetlands in 99 
southeastern Australia. The area has a semi-arid climate with low rainfall, hot summers and 100 
cold winters. The average annual rainfall is 447.4 mm. The long-term mean maximum 101 
summer and mean minimum winter temperatures are 34.6°C and 4.0°C, respectively (BoM, 102 
2012). 103 
The Marshes flow north and start in the south at Marebone Weir, which is situated 50 km 104 
north of the town of Warren. As the Macquarie River reaches the flat alluvial plain, the 105 
floodplain transforms into a maze of interconnected streams, lagoons, distributary creeks and 106 
anabranching channels (Paijmans, 1981), and extends to the north a further 100 km until all 107 
the channels unite to form one main channel near Carinda (Fig.1).  108 
Water flows through the Marshes are highly variable, creating a dynamic system with strong 109 
network connectivity, and spatial and temporal heterogeneity (Wen et al., accepted). The 110 
Marshes sustain a wide range of floodplain woodlands, including river red gum (RRG) 111 
(Eucalyptus camaldulensis), black box (E. largiflorens), coolabah (E. coolabah) and river 112 
cooba (Acacia stenophylla). There are also large areas of wet meadows including species 113 
such as common reed (Phragmites australis), water couch (Paspalum distichum), and 114 
Cumbungi (Typha spp) (CSIRO, 2008). These vegetation communities provide important 115 
habitats for many colonial waterbirds, which have become the most iconic fauna of the 116 
Marshes (Kingsford and Auld, 2005). Parts of the Marshes were Ramsar-listed. However, the 117 
Page 6 of 45JAWRA Draft
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
7 
 
natural flow regime has been significantly interrupted since the completion of Burrendong 118 
Dam in 1966 (Kingsford and Johnson, 1998). There is also considerable conflict between 119 
stakeholders due to competing interests for water resources (Fazey et al., 2006). The conflicts 120 
largely focus on the threats to the Marshes, the degree to which the Marshes are threatened, 121 
how to best manage the Marshes, and water resource planning and legislation. 122 
Hydrological modelling 123 
The integrated quality and quantity model (IQQM) has been the primary NSW water 124 
planning tool over the past 20 years (Hameed and Podger, 2001). IQQM are primarily used 125 
for the development of Water Sharing Plans (WSP) for the regulated river system. While the 126 
current IQQM for the Macquarie River system includes all important major river system 127 
features such as dams & weirs, users such as irrigators (crops) and town water supplies, and 128 
has been calibrated to replicate river flows at various gauging stations, as well as storage 129 
behaviour, allocation announcements, the wetlands’ behaviour were not with the entire 130 
Marshes roughly modelled as a single storage. To enable a better understanding of the long-131 
term hydrological variations within the key wetlands, and in particular, to investigate the 132 
impacts of the different water management policies (e.g. environmental water) on wetlands, a 133 
new river system model, the Marshes IQQM, was built on the existing IQQM to have an 134 
improved representation of the Marshes wetland mosaic (Fig.1, Table 1) through 36 flow-135 
linked “storages” (Wen et al., accepted). The model setup and calibration results of the 136 
Marshes IQQM were detailed in supplementary information Appendix 1.  137 
The Marshes IQQM runs at daily time step, and outputs a number of hydrological time series 138 
for each of the 36 storages, including inflow, outflow, storage volume and water area. We 139 
specified three inflows for the Marshes IQQM, which are the direct outputs from the MDBA 140 
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scenario modelling (MDBA, 2011), namely, daily river flows at Warren (gauge 421004), at 141 
downstream of Marebone Weir (gauge 421088) and at downstream of Marebone Break Weir 142 
(gauge 421090) (Fig.1). These inflows include all regulated river flows entering the Marshes. 143 
The MDBA provided data for the three input weirs representing three planning scenarios: 144 
predevelopment conditions (surrogate for natural conditions), the proposed sustainable 145 
diversion limit (hereafter referred to as SDL) and the current Water Sharing Plan (hereafter 146 
referred to as WSP). We also specified two climatic variables, daily rainfall and evaporation, 147 
which were observation data from long-term weather stations. The climatic inputs were not 148 
modified, and are the same for the three scenarios. We ran the Marshes IQQM for 114 years 149 
(1895 -2009); and used the daily inundation extent time series outputs to drive the DSS (see 150 
below). Some of the storages are merged to form the 24 wetlands (Figure 2, Supplementary 151 
Appendix S2) in the Marshes DSS.    152 
The Macquarie IBIS 153 
The Macquarie IBIS was built in Interactive Component Modelling System; a software 154 
platform developed by CSIRO Land and Water (Reed et al. 2000). The IBIS integrates the 155 
Marshes IQQM with ecological response models (ERMs) represented as Bayesian Networks 156 
(BNs) (iCAM, 2011). BNs have been increasingly used in natural resource management (Said, 157 
2006; Stewart-Koster, et al., 2009). The ERMs capture the best available scientific 158 
knowledge about the water requirements of floodplain wetland biota (Rogers and Ralph 2011) 159 
in a way that is relevant to decision makers. The IBIS provides two coupling mechanisms, 160 
using embedded models (hard coupling) and drawing on results from external models (soft 161 
coupling). In this study, we used soft coupling, i.e. the IQQM scenarios were run 162 
independently and the hydrological simulation results were uploaded to drive the ERMs.  163 
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The IBIS calculates a relative habitat quality score (RHS) for every hydrological event in 164 
each of the 24 wetlands for every modelled species. The hydrological events are defined for 165 
each of the wetlands when the inundation extent is above a predefined threshold (currently as 166 
15% of the wetland area). Because each wetland has its own set of flood attributes for a given 167 
period, the ecological response model outputs vary across wetland. In addition, as 168 
hydrological metrics are the only driving inputs in the current ERMs,  the reported RHS 169 
should be interpreted as habitat “hydrological suitability” of a given flow regime for certain 170 
ecological asset (e.g. selected vegetation and waterbird species) at a given wetland.  171 
In this paper, we calculated and mapped the cumulative relative habitat quality scores, which 172 
is the sum of RHS for the whole modelling period (i.e. 114 years) to present the spatial 173 
variability. In addition, we classified the wetlands into poor, moderate and good habitat 174 
classes, which correspond to less than the 1st quartile (i.e. RHS=70), between the 1st and 3rd 175 
quartiles (i.e. RHS=110) and greater than the 3
rd
 quartile of cumulative RHS for RRG under 176 
the predevelopment scenario. 177 
During the modelling period, there were wet periods when the entire Marshes were flooded 178 
and droughts when river flows were small, and the Marshes were largely dry. The natural 179 
variations in river hydrology have been observed to significantly impact the ecological 180 
condition of the wetland mosaic at the Marshes (Kingsford and Auld, 2005). To explore the 181 
temporal variability in habitat quality, annual RHS, which is the yearly sum of the relative 182 
habitat quality scores for all events in a calendar year, was calculated. The annual RHS were 183 
calculated assuming that: 184 
1. If there is no hydrological event in a particular year, the score is assumed to be zero; 185 
and  186 
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2. If an event covers two or more consecutive years, the event was counted as one for 187 
each of the years. 188 
Details about IBIS, including conceptual framework, definition of hydrological event and 189 
sensitivity analysis were presented in supplementary information Appendix 2. 190 
Comparisons between management scenarios 191 
Normality test indicated that either the hydrological attributes or RHS are not normally 192 
distributed for most wetlands; therefore, the nonparametric Kruskal-Wallis test (KW test), the 193 
equivalent of one-way analysis of variance (ANOVA), was used to test the difference among 194 
the three scenarios. Two-sample nonparametric Kolmogorov-Smirnov test (KS test) was then 195 
conducted to compare the difference between any two groups following significant Kruskal-196 
Wallis statistics. All tests were carried out using R (R Core Team, 2012). 197 
Furthermore, to investigate the spatial variations in habitat quality change, the relative change 198 
was calculated for each wetland according to: 199 
( )
2
21
RHS
RHSRHS
D
−
=  200 
where D is the degree of change, and RHSi is the cumulative habitat score under scenario i.  201 
The degree of change was classified as no change (D < 0.15), moderate (0.15 < D < 0.50) and 202 
significant change (D > 0.5). We acknowledge that the classification is arbitrary; however, 203 
we use the classes only for illustrating the spatial pattern of changes in habitat quality 204 
imposed by different scenarios. Furthermore, the sample size of some species is rather small 205 
(e.g. three sites for water couch and five for Glossy Ibis), preventing meaningful statistical 206 
interference.  207 
208 
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Results and Discussion 209 
Hydrologic impacts of the Basin Plan on wetlands in the Marshes 210 
The hydrological models were sufficiently sensitive to identify important differences between 211 
the scenarios provided by the MDBA. In general, the SDL would significantly increase the 212 
inundation extent compared to the current WSP (p<0.001, KS test); however, the inundation 213 
extents under the SDL would still be significantly lower than those under the predevelopment 214 
scenario (p<0.001, KS test) (Table 2). Temporarily, the increase in inundation extent is 215 
consistent until the 95% percentile (i.e. big floods, Fig.2), after which the pattern is reversed 216 
(i.e. inundation extent is lower under SDL). This pattern of inundation reflects total inflows 217 
entering the Marshes, with noticeable differences evident from the 65th to the 95th percentile 218 
(Fig.3).  219 
The changes in inundation extent vary spatially as well. A general pattern is that wetlands 220 
along the main channels, such as the Macquarie River and Gum Cowal, show a more 221 
consistent increase over a wide spectrum of flows (Wetland 3 and 18, Fig.4). Alternatively, 222 
noticeable changes in inundation extent only started from high percentile flow conditions for 223 
wetlands located away from main channels (Wetland 6 and 7, Fig.4). In addition, wetlands in 224 
the south (Wetland 3, Fig.4) have more consistent changes in flooded areas than those located 225 
further downstream (Wetland 18, Fig.4). The spatial pattern of hydrological changes indicates 226 
that further reduction in water diversion may be necessary to achieve more persistent 227 
hydrological improvements in the Marshes. 228 
Hydrological events  229 
There is significant difference in the number of hydrological events under the three scenarios 230 
(p<0.005, KW test) with predevelopment scenario produced the most events and WSP had 231 
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the least (Table 3). For the majority of wetlands, the predevelopment scenario produced the 232 
most inundation events followed by SDL, and the WSP produced the least. The exceptions 233 
were wetland 16, wetland 23 and wetland 22. These wetlands are all located in the Northern 234 
Marshes, on which dense reedbed vegetation grows. The dense aquatic vegetation in these 235 
areas was known to cause problems for the hydrodynamic modelling, which was inherited in 236 
the wetland hydrological modelling (Wen et al., accepted). Consequently, these three 237 
wetlands were excluded from further analysis.  238 
Although there are large differences in total event days, the median durations are comparable 239 
under all scenarios for the majority of wetlands (p=0.339, Table 3). The biggest difference 240 
between scenarios is in the maximum inter-flood period (p<0.001, KW test), a critical 241 
ecological variable (Valett et al., 1994). For all 24 wetlands, the median inter-flood dry 242 
period under predevelopment scenario is 26 months, which is significantly lower than the 68 243 
months under SDL (p=0.002, KS test). However, the median inter-flood dry period under 244 
SDL is comparable to that under WSP (p=0.130, KS test). Under the WSP scenario, there are 245 
five wetlands which have the longest inter-flood dry-period of over 15 years (Wetlands 10, 246 
12, 17, 18 and 19). Under these circumstances, most wetland vegetation including the 247 
longevity tree species such as RRG and black box would die or be reduced to very poor 248 
condition (Wen et al., 2009). An additional four wetlands (wetlands 3, 5, 7, 24) have a 249 
maximum inter-flood period of nearly 10 years, which is approaching the tolerance limit for 250 
black box (Rogers and Ralph, 2010). These wetlands cover a total area of over 37,800 ha 251 
(45% of the total modelled area). Wetland 21 (the Willancorah Swamp, 100ha) is the only 252 
site that has a maximum inter-flood period of less than 3 years (Table 3), which is beyond the 253 
drought tolerant limits of the majority of semi-permanent floodplain grassy species in the 254 
MDB such as water couch and common reed (Rogers and Ralph, 2010). The predicted long 255 
Page 12 of 45JAWRA Draft
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
13 
 
inter-flood dry period under the WSP scenario may help to explain the widespread loss of 256 
aquatic plant communities observed in the Marshes (Bowen and Simpson, 2010). Under the 257 
predevelopment scenario, the maximum inter-flood dry period would never exceed six years; 258 
the maximum inter-flood dry period is 69 months for wetland 10 and 18 (Table 3). These 259 
comparatively low inter-flood periods suggest that floodplain wetland trees, such as RRG, 260 
river cooba and black box, would thrive in the Marshes under predevelopment conditions. In 261 
addition, the maximum inter-flood dry periods in most wetlands are 1-3 years (Table 3), 262 
satisfying the inundation requirements of aquatic species found in the MBD. The extensive 263 
divergence from the m delled natural condition indicates that the current water sharing plan 264 
may fail to accommodate the ecological requirements of the Marshes; and the long-term 265 
unbalanced water allocation may be responsible for the current degraded state, evidenced by 266 
stressed/dead tree stands and the intrusion of terrestrial vegetation communities such as 267 
chenopod (Chenopodium spp) shrubs across the Marshes (Bowen and Simpson, 2010).  268 
The SDL will slightly decrease the inter-flood dry period compared with the WSP (p=0.096). 269 
Under the Proposed Plan, only two wetlands will have a maximum inter-flood dry period of 270 
over 10 years (wetland 18, the Northern RRG and wetland 19, the Big Swamp). The reduced 271 
inter-flood dry period means that floodplain tree species would likely be in a better condition 272 
over greater part of the Marshes, even during prolonged drought periods, with the possible 273 
exception of the northern floodplain. However, the maximum inter-flood period in most 274 
wetlands is 3-6 years under SDL; and is still well above the drought tolerant limits of most 275 
semi-permanent grassy species. Targeted environmental water delivery strategy may be 276 
necessary to support the Proposed Plan to reverse the extensive intrusion of terrestrial 277 
chenopods, and to rejuvenate the once lavish understorey aquatic plant communities. 278 
Impacts on Vegetation 279 
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A number of vegetation species, including RRG, black box, water couch and common reed, 280 
are modelled in the IBIS (Table 1). As we are assessing the long-term impacts of water 281 
planning policies, the results for the widespread and longevity RRG is provided and 282 
discussed. A total of 20 wetlands have ERM for RRG (Table 1). However, the distribution of 283 
the species within each wetland varies dramatically. For example, in the chenopod shrubland 284 
dominated wetland 9 (the Southern Nature Reserve), there are less than 7ha (0.4%) of RRG 285 
lining the stream edges. On contrast, RRG is the dominant species in wetland 18 (the 286 
Northern Red Gum), covering more than 7000ha (70%) of the area (Bowen and Simpson, 287 
2010). Therefore, it is important to consider the contributory value of the RRG within a 288 
specific wetland when assessing the ecological outcomes of alternative water planning 289 
policies.  290 
Spatial variation Under all scenarios, the RHS for RRG has considerable spatial 291 
variation (Fig.5). In general, wetlands located in the southern Marshes are in a better 292 
condition than those in the northern Marshes. Another notable pattern is that wetlands in the 293 
west part exhibit higher scores than those in the east rn parts of the Marshes.  294 
As would be expected, the overall RHS is highest under the predevelopment scenario, and 295 
lowest under the current WSP. Under predevelopment, most of the wetlands (11 out of 20) 296 
are in good hydrological condition for RRG (i.e. cumulative RHS ≥ 110) and only three 297 
wetlands have a cumulative RHS of less than 70. On contrast, 12 of the 20 wetlands have a 298 
cumulative score of less than 70 (i.e. in poor condition) and only 5 wetlands are in good 299 
condition under the WSP. Those wetlands include the Southern Nature Reserve and part of 300 
the Northern Nature Reserve. Although the cumulative RHS under the SDL are still less than 301 
those under the predevelopment scenario, the SDL would improve the habitat condition for a 302 
number of wetlands from the WSP scenario (Fig.5). 303 
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Comparison with predevelopment scenario The changes induced by the SDL are 304 
also spatially variable (Fig.6). Most wetlands, 12 out of 20 with a total area of 58,750ha 305 
(18,700ha of RRG), show a moderate decease in habitat quality. These wetlands are located 306 
in the east and middle parts of the Marshes. Four wetlands (covering an area of 23,440ha or 307 
11,960ha of RRG) show a significant decrease in habitat condition. Three of the four 308 
wetlands which are predicted to be highly degraded (wetlands 17, 18 and 19) are located in 309 
the northern-most parts (most downstream) of the Marshes. The degradation of these three 310 
wetlands might be the net result of upstream water diversions including the water extraction 311 
within the Marshes. The other highly degraded wetland (wetland 3) includes about 22 km of 312 
the Macquarie River, covering the Oxley Break, a location where large volumes of water 313 
have been extracted from the river for irrigation.   314 
There are five wetlands exhibit little change in habitat quality between the predevelopment 315 
and SDL scenarios. Spatially, these wetlands can be grouped into two clusters: wetland 4, 8 316 
and 9 are located at downstream of the bifurcation of the Macquarie River and Buckiinguy 317 
Creek; and wetland 15 and 22 are situated along the Macquarie River downstream of 318 
Pillicawarrina Gauge.  319 
 320 
Comparison with the WSP scenario The SDL would significantly improve the 321 
habitat quality of RRG in ten wetlands covering a total area of 42,530ha or 19,704ha of RRG 322 
(Fig.6). Most of these wetlands coincide with those predicted to be in poor habitat condition 323 
under the WSP (Fig.5). Four other wetlands showed moderate improvement (wetlands 10, 13, 324 
14 and 19). The six wetlands which showed little improvement (Fig.6) exhibited condition 325 
extremes, including all wetlands (5) that scored high under the WSP scenario, and wetland 18, 326 
which scored lowest under the WSP scenario (Fig.5). This result suggest that additional water, 327 
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either through further reduction of water extraction or targeted environmental water 328 
allocation, is required to improve the condition of wetland 18, which is the largest RRG 329 
forest in the Marshes.     330 
Temporal dynamics of habitat quality  The annual RHS of three wetlands 331 
(wetlands 1, 8 and 19) were analysed to illustrate the temporal dynamics. The wetlands were 332 
selected for a broader spatial representative. In wetland 1 (the Jungle), there are significant 333 
differences in the RHS between the scenarios (p<0.001, KW test) with the order of 334 
Predevelopment > SDL > WSP (Fig.7). The two sample KS test indicated that the differences 335 
were significant (p<0.001 for both Predevelopment vs. SDL and SDL vs. WSP). Although 336 
the score for the Monkey Swamp (wetland 8) is slightly higher under the predevelopment 337 
scenario, the difference was not significant according to the KW test (p=0.225). The RHS is 338 
significantly higher for the Big Swamp (wetland 18) under the predevelopment scenario; 339 
however, there is no significant difference between the WSP and SDL (p=0.053, KS test).  340 
To investigate the impacts of water resources management on wetland habitat quality during 341 
drought periods, the yearly RHS from 2000 – 2009 were re-analysed. Although there are 342 
slight differences among the scenarios (Table 4), the KS test results indicated that these 343 
differences were statistically insignificant (p=0.457). A possible reason is that the sample size 344 
(10) is rather small for a reliable statistical inference (low power), especially when there are 345 
many zeros in the dataset. Nevertheless, the comparison (Table 4) suggested that the SDL 346 
would improve the habitat conditions from the WSP even during prolonged drought. The 347 
ecological benefits of this slightly improved habitat condition could be crucial for the 348 
maintenance of the ecological resilience; the ecological value of wetlands in relative good 349 
condition (for example as refugia) are likely to be higher during drought.  350 
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Waterbirds 351 
Spatial variations Eight wetlands were identified to be waterbird breeding sites, and have 352 
ecological response model associated with them. These wetlands are known rookeries and/or 353 
foraging grounds for waterbird from historical surveys (Kingsford and Johnson, 1998; 354 
Kingsford and Auld, 2005). A total of 13 waterbird species were modelled for various 355 
wetlands. The relative habitat quality scores are significantly different (KS test, p < 0.05) 356 
between most species in a specific wetland. This reflects the distinct hydrological 357 
requirements of the modelled species. Nevertheless, the RHS changes between the modelled 358 
scenarios are similar for the species. Therefore, the spatial variations in RHS were presented 359 
and discussed for the Australian white ibis (Threskiornis molucca), as it is presented in most 360 
modelled wetlands (Fig.8).  361 
Under the predevelopment scenario, there are considerable spatial variations in the 362 
cumulative RHS for Australian white ibis. Wetland 9, the South Marsh Nature Reserve, is the 363 
only wetland that scored more than 110 (i.e. good habitat) indicating that the conservation 364 
value of the wetland within the Marshes. Three wetlands including the newly gazetted 365 
Pillicawarrina Nature Reserve (wetland 14) have moderate cumulative RHS. While the DSS 366 
predicted the lowest score for wetland 17 (the Yarea Plain), it is identified as an important 367 
waterbird breeding site (e.g. Kingsford and Auld, 2005). The discrepancy may be due to the 368 
limitation in hydrological modelling, which does not include the tributary inflows from Dusty 369 
Creek (Fig.1).  370 
Under the WSP, there is less spatial variation as all the wetlands had low cumulative RHS (i.e. 371 
less than 70) except wetland 9, which had a moderate score (Fig.8). The SDL would improve 372 
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the classification of wetland 14 to moderate while the others remained in the same class as 373 
under the WSP scenario.  374 
Temporal dynamics The annual RHS for wetland 2, 9, and 14 were calculated and analysed 375 
to investigate the deviations induced by water management scenarios. These wetlands were 376 
selected to represent the broader range of habitat condition.  377 
There are seven waterbird species (three species of egret, three species of ibis and one heron) 378 
modelled for wetland 2, of which three were presented in Fig.9. For all species, the annual 379 
RHS is significantly different among the three water management scenarios with 380 
predevelopment the highest and the WSP the lowest (Fig.9). In addition, the two-sample KS 381 
tests showed that the difference between the scenarios was significant for all species 382 
(p<0.001). It is clear that the SDL would improve the habitat conditions for waterbird 383 
breeding in this wetland.  384 
During the prolong drought of 2000 – 2009, the habitat quality scores are not significantly 385 
different for all waterbird species according to the KW tests for all species. As discussed 386 
before, the small sample size (10) may not allow proper statistical inference. Nevertheless, 387 
there are sizable differences in the approximate 90 percent confidence interval for the median, 388 
especially between the SDL and WSP (Appendix 3). This difference suggests that the SDL 389 
has increased probability of limiting wetland deterioration and creation of conditions 390 
unsuitable for waterbird breeding during prolong drought.  391 
Two species, Australian white ibis and Straw-necked ibis, were modelled in wetland 9. The 392 
KS test suggested that the wetland showed no significant change in habitat condition for the 393 
modelled waterbird species under different scenarios, and remained in relatively good 394 
condition for water bird regardless of water management scenarios (Fig.10).  395 
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During the 2000 – 2009 drought, although the difference in wetland quality as waterbird 396 
habitat is statistically undetectable in the Southern Nature Reserve (KW test, P > 0.1), the 397 
predevelopment scenario did produce a better score in terms of first quartile, median and its 398 
90% confident intervals (Table 5). The statistical analysis indicates that the SDL has some 399 
degree of benefit for the Southern Nature Reserve when compared with the WSP.  400 
Wetland 14 has models for five waterbird species (Table 6). The SDL could significantly 401 
improve the habitat quality for all waterbird species when compared with the WSP. In some 402 
cases (i.e. the glossy ibis, yellow-billed spoonbill, Australian white ibis and Straw-necked 403 
ibis), the habitat quality under the SDL was similar to the predevelopment scenario (p = 404 
0.277, 0.277, 0.449 for glossy ibis, yellow-billed spoonbill, Australian white ibis and (Straw-405 
necked ibis, respectively).   406 
During the prolong drought, habitat quality improved under a predevelopment scenario in 407 
terms of the 1
st
 quartile, median and the 90% confident intervals for median, though the 408 
statistical analysis did not indicate this was significant (Appendix 3). Furthermore, the upper 409 
limit of the 90% confident intervals for median is much higher under the SDL than under the 410 
WSP for all species, perhaps indicating that the Marshes would have greater probability of 411 
limiting serious degradation under the Proposed Plan.   412 
 413 
414 
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Conclusions 415 
The draft Basin Plan is the latest basin-scale planning instrument aiming for a long-term 416 
healthy working basin through an efficient and balanced allocation of water among 417 
competing users. Using a recently developed DSS that integrates spatially distributed wetland 418 
hydrologic modelling and ecological response modelling, we investigated the environmental 419 
impacts of the proposed Basin Plan in the Macquarie Marshes, one of the most important 420 
wetland systems in the MDB. Although spatially heterogeneous and temporally variable, our 421 
modelling results indicate that the proposed sustainable diversion limit will improve the 422 
hydrological conditions in most wetlands in terms of magnitude, duration and frequency of 423 
inundation. Our ecological modelling results show that the improvement in hydrological 424 
conditions will translate into ecological benefits in terms of creating a favourable habitat for 425 
vegetation and waterbird species.  426 
These benefits are not evenly distributed over the Marshes and in some cases conditions for 427 
vegetation and waterbird habitat remains poor under the Proposed Plan. For example, though 428 
the plan substantially reduces maximum inter-flood period for many of the RRG woodlands 429 
of the northern Macquarie Marshes, some wetlands retain maximum inter-flood periods of 430 
more than 10 years, a duration considered to be approaching the limits of tolerance for this 431 
species. The risk might be lessened by the wise use of regulators, though options may be 432 
limited during long drought periods.  433 
There are several important caveats that should be considered in the interpretation of the 434 
model results. Our models assume all regulators are open and some improvements to 435 
ecological outcomes can be derived by the wise use of regulators. For example, water can be 436 
alternately channelled to the eastern and western Macquarie Marshes to reduce inter-flood 437 
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periods, though with associated trade-offs in condition between these components of the 438 
marshes. We have not modelled the implications of climate change under the basin plan, 439 
though this may reduce the extent of benefit suggested in the modelling results (CSIRO 2008; 440 
Young et al. 2011). Climate change projections can, however, be modelled using the DSS 441 
platform if provided as time-series hydrological models for the input gauges.   442 
Water planning in large river basins has been hindered by poor representation of floodplains 443 
and terminal wetland complexes (Davies and Acreman 2003). Only recently has the 444 
technology been available to capture detailed elevation models over large areas and represent 445 
these in two-dimensional hydrodynamic models of floodplains (e.g. Wilson et al., 2007; 446 
Milzow et al. 2010). Our approach has been to use hydrodynamic modelling to inform the 447 
development of wetland hydrology models which form a wetland extension of valley and 448 
basin river system hydrology models (Wen et al. accepted). In this paper we have described 449 
for the first time modelling outputs for a Decision Support System that uses a distributed 450 
wetland hydrology model to drive ecological response models at the scale of the eco-451 
hydrological unit. Our study is locally focused and the ecological outcomes in other regions 452 
may not be comparable to the ecological benefits realised in the Macquarie Marshes. 453 
However, the approach taken is applicable more widely, and provides a logically consistent, 454 
transparent and reproducible assessment of the ecological implications of water planning, 455 
based on best available science.  456 
457 
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Figure Caption 
 
Fig.1 Wetland mosaic at the Macquarie Marshes as delineated in IQQM. Inlet shows the 
location of the Macquarie Marshes within the Macquarie Catchment of the Murray-
Darling Basin. The wetland numbers are listed in Table 1. 
 
Fig.2 Comparison of daily inundation extent (ha) under predevelopment (PreD), Sustainable 
Diversion Limited (SDL) and Water Sharing Plan (Baseline) scenarios for the 
Macquarie Marshes 
 
Fig.3 Total inflows entering Macquarie Marshes under predevelopment (PreD), Sustainable 
Diversion Limits (SDL) and current Water sharing plan (Baseline) scenarios 
 
Fig.4 Inundation curves for wetlands along the channels (wetland 3 and 18) and those away 
from the main water ways (wetland 6 and 7) under three scenarios. 
Fig.5 Spatial variations of the cumulative habitat conditions for RRG under the three water 
management scenarios 
Fig.6 Ecological outcomes of the draft Basin Plan for RRG in the 20 wetlands within the 
Macquarie Marshes, right map shows the improvement from current water sharing 
plan and left map shows the decrease from pre-development scenario. 
Fig.7 Box - whisker plots of yearly habitat quality score for RRG in wetland 1 (right), 
wetland 19 (middle) and wetland 8 (right) under three scenarios. Values with different 
letters (from the same site) indicate significant differences (P < 0.05, KS test). 
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Fig.8 Spatial variations of the cumulative habitat conditions for Australian white ibis under 
the three water management scenarios 
Fig.9 Box - whisker plots of yearly habitat quality score for waterbird in wetland 2 under 
three scenarios. TM =  Threskiornis molucca, NC = Nycticorax caledonicus , and AA 
= Ardea alba. Values with different letters (for the same species) indicate significant 
differences (P < 0.05, KS test). 
Fig.10 Box whisker plots of yearly habitat quality score for waterbird in wetland 9 under 
three scenarios. TM =  Threskiornis molucca and TS = Threskiornis spinicollis. The 
annual RHS is not significantly different under the three scenarios (P > 0.05, KW test). 
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Fig. 1 
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Fig.5  
 
 
    
Page 34 of 45JAWRA Draft
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
Fig.6   
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Fig.7 
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Fig.8   
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Fig.9  
 
  a               b              c 
  a               b              c 
  a               b              c 
Page 38 of 45JAWRA Draft
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
Fig.10   
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Tables 
Table 1 Wetlands and their associated major ecological assets in the Macquarie Marshes. 
The ID number corresponds to the label in Fig.1  
ID  Name  Area 
(Ha)  
Vegetation models in IBIS Waterbird 
1 The Jungle  4,340  RRG,  river cooba, black box  - 
2 Gum Cowal / Terrigal Ck  15,180  RRG,  black box, water couch, lignum  Yes 
3 Mundooie/Oxley Lagoon  5,110  RRG,  river cooba, black box  - 
4 Buckiinguy Swamp  2,920 RRG,  black box, common reed  - 
5 Long Plain Cowal  9,090  RRG,  black box  Yes 
6 Stanley  1,120  RRG,  black box, coolabah  - 
7 North Long Plain Cowal  810  RRG,  coolabah, lignum  - 
8 Monkey Swamp  7,740  RRG,  black box, coolabah  - 
9 Southern Nature Reserve  1,590  RRG,  common reed  Yes 
10 Old Macquarie  2,030  RRG,  black box  - 
11 Bulgeraga Ck Swamp  1,790  RRG  - 
12 Bulgeraga Creek  1,580  RRG,  river cooba, black box - 
13 Mole Marsh  2,180  RRG,  river cooba, common reed - 
14 Pillicawarrina  2,460  RRG,  black box, coolabah, lignum  Yes 
15 Bora  2,780  RRG,  coolabah, water couch Yes 
16 Northern Nature Reserve-reed bed 2,430 RRG,  common reed, water couch Yes 
17 Yarea Plain/Zoo Paddock  3,030  RRG,  river cooba, coolabah, lignum  Yes 
18 Northern Red Gums  10,680  RRG,  river cooba, coolabah - 
19 Big Swamp  4,620  RRG,  black box, coolabah, lignum - 
20 Ginghet  1,400  RRG,  black box, coolabah  Yes 
21 Willancorah Swamp  100  Water couch  - 
22 Northern Nature Reserve-West 20 Water couch  - 
23 Northern Nature Reserve-East  20 Water couch, common reed  - 
24 Willancorah Swamp  870 RRG,  river cooba, common reed  - 
RRG = river red gum 
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Table 2 Modelled daily inundation extent, in hectares, in the Marshes under predevelopment 
(PreD), Sustainable Diversion Limited (SDL) and the current Water Sharing Plan 
(WSP) scenarios 
Scenario Q1 Median^ Mean Q3 
PreD 724 3,428 
a
 9,539 13,595 
SDL
*
 799 (34) 3,304 
b
 (33) 8,241 (19) 10,618 (47) 
WSP  595 2,471 
c 
6,936 7,244 
Q1 and Q3 are the first and third quartiles; 
* Values in brackets are the increase (%) from WSP scenario; 
^ Median values denoted with different superscript letter are significantly different from each other according to 
Kolmogorov-Smirnov test 
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Table 3 Summary of hydrological events for each wetland under the predevelopment (PreD), 
Basin Plan (SDL) and current water sharing plan (WSP) scenarios 
Site No of Event Median Duration (Days) Max inter-flood period (month) 
 PreD a SDL b WSP c PreD a SDLa WSP a PreD a SDL b WSP b 
S1 260 178 97 17 22 14 23 62 74 
S2 203 122 64 17 26 19 26 74 74 
S3 193 100 67 17 26 16 32 75 111 
S4 207 185 173 40 34 28 22 26 43 
S5 149 85 48 23 31 53 52 92 116 
S6 174 103 60 28.5 34 25 26 74 74 
S7 162 106 61 20.5 25 18 36 75 111 
S8 261 223 221 29 36 28 15 26 25 
S9 280 243 217 13 10 9 22 26 43 
S10 102 69 53 15 6 8 69 93 189 
S11 223 146 131 23 27 13 23 53 62 
s12 152 101 56 18.5 20 26.5 53 74 189 
S13 170 136 114 24 19.5 9 32 53 60 
S14 194 171 131 37 32 21 21 52 52 
S15 252 235 201 23.5 21 14 22 26 53 
S16^ 205 221 242 66 57 42 12 11 13 
S17 149 82 44 19 17.5 34.5 53 93 189 
S18 77 29 28 25 36 41.5 69 176 191 
S19 114 41 35 20 23 26 53 180 190 
S20 181 109 72 24 31 20.5 27 92 74 
S21 185 196 180 51 38.5 36.5 22 26 26 
S22^ 303 287 285 23 23 15 14 16 17 
S23
^
 278 313 345 35.5 26 20 11 12 13 
S24 151 108 71 14 9 10 52 74 117 
* Scenarios denoted with different superscript letter are significantly different with each other (Kolmogorov-
Smirnov test).   
^ There are known issues in hydrological modelling for these wetlands (see text) and were excluded from further 
analysis.  
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Table 4 Summary of the yearly habitat quality score of river red gum under Predevelopment 
(PreD), Basin Plan (SDL) and current Water Sharing Plan (Baseline) scenarios for a 
drought period (2000 – 2009) in selected wetlands 
Stats 
The Jungle (S1) Monkey Swamp (S8) Big Swamp (S19) 
PreD SDL WSP  PreD SDL WSP  PreD SDL WSP  
Q1 0.33 0.00 0.00 0.58 0.58 0.58 0.00 0.00 0.00 
median  1.42 0.00 0.00 1.25 0.92 0.67 0.00 0.00 0.00 
90% interval* 0.75-1.83 0-1.16 0-0.5 0.67-2.08 0.67-1.5 0.67-0.83 0-0 0-0 0-0  
Q3 1.83 1.29 0.54 2.21 1.63 0.96 0.17 0.17 0.00 
* Based on 1000 bootstrap.  
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Table 5 Summary of the yearly habitat quality score under Predevelopment (PreD), Basin 
Plan (SDL) and current Water Sharing Plan (Baseline) scenarios for a drought 
period (2000 – 2009) for waterbird in wetland 9 
Species Scenarios Q1 median 90% interval* Q3 
Australian white ibis 
PreD 0.44 0.84 0.47-0.94 0.98 
SDL 0 0.42 0-1.26 1.29 
WSP  0 0.37 0-0.69 0.88 
Straw-necked ibis 
PreD 0.30 0.65 0.30-0.80 0.83 
SDL 0 0.35 0-0.90 0.95 
WSP  0 0.30 0-0.70 0.70 
* Based on 1000-time bootstrap 
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Table 6 Summary of the yearly habitat quality score under Predevelopment (PreD), Basin 
Plan (SDL) and current Water Sharing Plan (Baseline) scenarios for waterbird in 
wetland 14 
Species Scenarios^ Q1 median 90% interval* Q3 
Glossy ibis  
PreD 
a 
0.38 0.63 0.50-0.63 0.75 
SDL 
a
 0.25 0.50 0.38-0.63 0.75 
WSP 
b 
0 0.25 0.25-0.38 0.63 
Yellow-billed spoonbill  
PreD 
a 
0.38 0.63 0.50-0.69 0.75 
SDL 
a 
0.25 0.50 0.38-0.63 0.75 
WSP 
b 
0 0.31 0.25-0.38 0.63 
Royal spoonbill  
PreD 
a 
0.45 0.72 0.66-0.74 0.91 
SDL 
b  
0.26 0.61 0.46-0.69 0.87 
WSP 
c 
0 0.26 0.26-0.46 0.68 
Australian white ibis 
PreD 
a 
0.34 0.69 0.63-0.78 0.88 
SDL 
a 
0.34 0.58 0.44-0.73 0.89 
WSP 
b 
0 0.34 0.34-0.44 0.78 
Straw-necked ibis 
PreD 
a 
0.30 0.61 0.51-0.71 0.81 
SDL 
b 
0.30 0.51 0.40-0.60 0.81 
WSP 
c 
0 0.30 0.30-0.40 0.71 
* Based on 1000-time bootstrap. 
^ Values with different letters (for the same species) indicate significant differences (P < 0.05, 
KS test). 
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